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ABSTRACT
Investigation of Foundation Failures
Ali Buabbas
Foundations form a very critical component of any structure. The integrity and lifespan of
the structure are dependent on the strength and durability of the foundation. Under ideal
conditions, immediately after the structure is constructed, the foundation meets all the
requirements of the structure. However, after a while, due to the action of many other factors, the
structure’s foundation may no longer satisfy the needs of the structure.
Some of the factors contributing to the failure of the foundation can be due to natural
events. Construction engineers should anticipate these factors to minimize their effects. Deep and
shallow foundations exhibit different characteristics, making them experience slightly varying
mechanisms of foundation failures.
The characteristics of soil into which a foundation is constructed dictate the durability of
the foundation. Soil which shows a higher bearing capacity, tends to offer a robust support to the
foundation and makes it last longer. However, soil with undesirable characteristics such as low
bearing capacity and a high-water level constantly jeopardizes a foundation's integrity, triggering
its failure. In this study, several foundation failures were studied, failures were identified, and
remediation measures were reviewed wherever applicable. The case study of the Lake View
Tower in Sudbury, Canada highlights how the poor soil bearing capacity contributed to the
eventual demolition of the building.
Natural calamities such as earthquakes and tornadoes also lead to foundation failure.
Frost action on the Family Life Center (FLC) in North Dakota, United States affected the
integrity of its foundation leading to cracks in the wall. Remediation of the foundation is one of
the ways to mitigate the effects of vulnerable foundations. The success of any type of
remediation is dependent on its ability to restore the needs of the structure whose foundation has
weakened. Use of push piles in the FLC building shows how the remediation was beneficial in
this case of shallow foundation.
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CHAPTER 1. Introduction
1.1 Background
In recent years, there have been numerous cases reported about the collapse of structures
that have claimed many lives. The fact that today’s modern housing system has necessitated the
construction of multi-story buildings makes the safety of houses a priority for local authorities.
Ideally, a structure should be constructed so that all its weight is directed towards a robust and
steady ground. This makes a structure's foundation the most critical part of any structure.
The design of the foundation needs to be given much thought and planning to ensure it
meets the requirements of a structure. The civil engineer needs to thoroughly research the ground
where the structure needs to be erected to understand environmental factors such as settlement,
water level, and soil composition. These factors help in preventing the foundation from being
negatively impacted. Some human activities such as those that may generate seismic waves can
also impact the structure foundation. Hence, they need to be factored in the design of a structure.
Ensuring that the structures' safety, periodic monitoring is required, and timely remedies are
made where need be. This makes it a necessity that the occupants of any structure know about
the structures' safety. This allows them to be constantly on the watch to note signs such as cracks
on the walls and report them on time. Remedial work also comes in handy when such
weaknesses of a structure are noted since other than preventing loss of lives, it also has economic
benefits to building owners. However, some facilities may be beyond repair hence leading to
demolition.
Analysis of historical information in the real estate sector is facilitated by the case studies
of Lake View Tower, Family Life Center and the Burlington road tunnel. These case studies
provide a real-world explanation of the theoretical knowledge about many aspects of foundation
failure. They also provide an insight from which vital lessons can be learnt about structures
safety.
1.2 Problem Statement
Foundation failures are costly since properties worth millions go to waste when a
building is demolished, and when remediation works are undertaken, additional resources are
spent by the building owners. Incidences of foundation failure also endangers lives of the
buildings residents and may even result in deaths if the failure is not recognized in time.
Foundation failure is mainly attributed to soil settlement which occurs due to the surface pressure
exerted by the building on the ground. Although soil settlement is an inevitable phenomenon,
there is a need for development of mechanisms that can be used to minimize its extent so that it
is within tolerable limits. Research has to be done in order to devise solutions which will
minimize the occurrence of foundation failure.

I.
II.

1.3 Objective
To have a clear understanding of all the aspects of foundation failure, the following
objectives guide the investigation:
Review the literature about constructing different types of foundations and how they help
support structural integrity.
Research the interaction of the foundation with the ground and how it contributes to
foundation failures. Investigate how settlement and soil bearing capacity affect the integrity of
a foundation.
1

III.
IV.
V.
VI.

Understand different mechanisms of foundation failure and how they can be prevented.
Understand different types of calculations involved in designing/analyzing a structure's
foundation.
Evaluate various remediation techniques used to mitigate the effects of foundation failure.
Evaluate case studies to get a realistic view of all the aspects of foundation failure.
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CHAPTER 2. Literature Review
There are many literature publications explaining the phenomenon of foundation failure.
Studies have been done about the behavior of a foundation and its associated aspects of soil
settlement. Through the findings of these peer reviewed studies, the effects of factors such as
geology and soil bearing capacity have been published. Case studies of the Lake View Tower,
Family Life Center and the Burlington Road tunnel have shown the first-hand effects of these
aspects of foundation failure.
2.1: Foundation Behavior
A study of the behavioral patterns of structure foundations shows that they are not immune to
the adverse impacts of environmental and human factors. Over time, the structure and strength of
a foundation change according to the forces that act on it. The varied forces tend to weaken the
foundation, and tamper with its ability to withstand the net pressure from the structure. Some
environmental factors may be due to natural causes such as earthquakes and tornadoes. A good
example is the 1985 earthquake in Mexico, which resulted in the classification of many
structures to be non-operational since their foundation had been impacted (Moghaddam et al.,
2016). The moisture in the soil also plays a critical part in the construction and maintenance of a
robust foundation (Salena, 2016).
The load carried by a specific foundation also varies. During construction, the construction
engineer usually anticipates a specified sum of forces to act on the structure. As such, the
behavior of the foundation will be dependent on that load. Overloading beyond design load may
result in an increased rate of settlement which may cause failure.
Like any other piece of construction, the quality of a foundation is directly impacted by
construction faults (Salena, 2016). Poor design and construction material deficiencies lead to the
construction of substandard foundations, which may not be sufficient to hold the net forces.
2.2: Settlement Aspects
The settlement involves the movement of the ground under a structure caused by
environmental or human factors. This movement triggers shifting of the footings of a structure
which is most undesirable. When the acceptable limit of ground movement is exceeded, the
foundation failure is activated, and it may be only a matter of time before the structure also fails.
a.) Types of Settlement
The different types of settlement include uniform settlement, tipping settlement, and
differential settlement.
I.
Uniform Settlement

Figure 2-1: Uniform settlement (Mishra, 2012)
3

This type of settlement occurs when the movement of the group is uniform all over the
footing of the foundation. As such, the vertical displacement of is uniform hence resulting in the
absence of cracks. This type of settlement is desirable because it is less harmful. The lake view
tower case study highlights the effect of this type of settlement.
II.

Tipping Settlement

Figure 2-2: Tipping Settlement (Mishra, 2012)
This type of ground movement occurs when the ground one side of the foundation’s
footing settles more than the other. Most of the time, the degree of settlement does not differ by a
large margin. Provided the tolerable settlement limit is not exceeded, cracks may not be observed
in the building’s walls. However, it results in a small vertical tilt of the building.
III.

Differential Settlement

Figure 2-3: Differential Settlement (Mishra, 2012)
This type of settlement occurs when the foot of the foundation undergoes different degree
of settlement. The amount of vertical shift of different loads of the building results in instability
which is manifested by cracks on the walls. This makes the building unsafe for occupancy hence
the need for immediate remediation or its demolition.
One of the most famous examples of settlement is the Italian tower of Pisa that leaned to
one side. The construction of the tower took a very long time. The area was also a wetland;
hence the water level interfered with the building’s foundation. The differential settlement and
eventual poor inclination of the tower is due to the ease in which the foundation soil at the
southern side of the tower can be deformed. This shows how critical it is for a structure to have a
balanced and robust foundation.
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Figure 2-4: The leaning tower of Pisa and the geological profile of the soil beneath it (Bajaj &
Choudhary, 2014)
IV.
Causes of settlement
The causes of the differential settlement include: the drying of soil surface layers, causing a
reduction in its thickness, trees, and plants with enormous roots that may impact with the
foundation, water system, sewer leaks, and excavations near the structure (Rodriguez, 2019).
V.
Prevention and Remediation of settlement effects
The best prevention of settlement effects is to ensure a thorough examination of the land over
which a structure is erected. This helps in providing the factors that may cause settlement, such
as the water levels that affected the tower of Pisa. They can be noted at an early stage and
avoided (Bajaj & Choudhary, 2014). In places where the soil composition may not be well suited
for the foundation requirements, the soil can be improved until it attains the required standards
needed.
There are also several innovative ways through which the foundation remediation can be
achieved, and they include (Rodriguez, 2019):
Ø
Ø
Ø
Ø

Concrete underpinning.
Jet grouting.
Construction of micro piles.
Erection of expanding geopolymers.

I.

Strength and Settlement
The subsoil layers always exhibit different degrees of strength and stiffness. For instance,
in Malaysia, the characteristics of the subsoil are as shown in Figure (2-5).

5

Figure 2-5: Characteristics of Sub soil (Kok et al., 2009)
The layer of soft marine clay has a Standard Penetration Test (SPT) ‘N’ value which is less than
the value of the layers beneath it. This shows that the soil layer’s strength is very low and not
sufficient for the construction of the foundation of a building (Kok et al., 2009). When a
structure exerts its net weight on such a layer of soil, the settlement caused will have a huge
vertical displacement of the soil surface, risking deep foundation failure. According to Figure (25), as the soil layers go deeper, the SPT’ N’ values increase, exhibiting an increase in the soil’s
strength. It is this kind of subsoil layers, which can sufficiently hold a building’s foundation.
Since the construction of houses in places with such type of soil may be inevitable, piles to
strengthen the foundation are used. The piles penetrate the soft marine clay until they are inserted
into the strong soil layers beneath it.
The correlation of the strength of the soil and its expected settlement aspects thus plays a
critical role in the specific design of a structure's foundation. Subsoil with greater strength will
always encounter less settlement compared to the soil with lower strength.
II.
Settlement Deep Foundation Failure Mechanism
Failure of deep foundations can be catastrophic. This is critical in multi-story buildings
whose foundation failures may result in significant economic losses and the loss of lives. As
such, a lot of time and resources are invested in measures that would avoid failure and the
following mechanisms are always used to avoid deep foundation failure:
1. Site Investigation
This involves a routine maintenance investigation to detect the signs of deep foundation
failure displayed in the structure through numerous examples such as cracks on walls and
cracking of the window glasses. The consultant then makes an appropriate assumption and, after
that, decisions can be made on the steps that may be undertaken to prevent the foundation failure
from affecting the structure.
2. Testing and Monitoring
Since the foundation soil may not be physically accessible, testing and monitoring help in
knowing the conditions of the ground. This is mainly done in three stages:
Ø Testing and Monitoring to diagnose what triggered the damage.
Ø Measurement of the magnitude of movement.
Ø Measurement of the success of the remedial work.
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3. Shoring
Where a structure's condition has been affected by settlement and underpinning has been
employed as a measure, external shoring may be necessitated. The shoring materials can be made
of timber, scaffolding, or steel (Nemati, 2005). However, in wood, swelling and shrinking may
be experienced, which may affect its efficiency.
4. Underpinning
Underpinning involves the construction of another structure to support an existing
foundation. Most of the time, the foundation may have experienced failure hence, it is no longer
able to support the structure. The extended piece of structure usually helps to direct the net
weight of the structure to a more stable foundation soil (Nemati, 2005). This type of remediation
helps boost the lifespan of a structure.
2.2.1 Soil Tests in Field
a.) Standard Penetration Test
This test is performed to test the bearing capacities of the soil. It involves the dropping of
75mm tubes containing the sample soil in a borehole. The SPT’ N' value is then determined by
measuring the number of hammer blows for penetration, and the value plotted on a chart. The
sample in Figure (2-6) shows the SPT test result of an investigation undertaken by IKRAM, a
consultant in 2006 (Salena, 2016). Samples were taken up to 18 m from boreholes BH1, BH2,
BH3, and BH4.

Figure 2-6: IKRAM Site Investigation Report Volume II (Salena,2016)
b.) Vane Shear Test
This type of test offers an option on how the strength of soil with soft and soils of
medium cohesion. This test is widely used by soil engineers, and can be performed either at the
lab or in the field. More aspects of this test will be discussed later in this study.
2.3: Settlement
2.3.1: Introduction to Settlement
Settlements involve the ground movement under a structure caused by stress induced by the
foundation and the loads associated with the installation (Das & Sobhan, 2018). The pressure is
caused by compression forces generated by:
(i)

Soil particles deformation
7

(ii)
(iii)
(iv)

Soil particles movement
Air expulsion from void spaces
Change in location of groundwater table

The sum weight of the load acts on the soil beneath it over a long time, and the mere eye
may not easily notice its effect. Regular lookout for signs and periodic measurement of the
structure's components can be used to detect the settlement. Generally, this type of settlement
associated with loads can be broadly divided into three types:
(i)
Elastic / Immediate settlement
This elastic deformation of the soil does not affect its moisture content. Its calculations of
elastic settlement conform to the equations of the theory of elasticity.
Se

=

∆𝜎 ( α B’)

!"#!
$

Is If

𝐸𝑞. (2.1)

Use of the of Young’s modulus of elasticity, E and Poisson’s ratio show that elastic settlement
calculations use aspects of the theory of elasticity.
(ii)
Primary Consolidation Settlement
Primary consolidation settlement is associated with saturated cohesive soil, whose
volume change is caused by the movement of water originally found in the void spaces.
(iii)
Secondary Consolidation Settlement
Secondary consolidation settlement is associated with organic and saturated cohesive
soil. The additional form of compression results from constant forces that affect the plastic
adjustment of the soil, and hence secondary consolidation settlement occurs.
These types of settlements vary in quantity according to the soil type over which a structure is
developed. For instance, when the soil type is very compressible, the amount of consolidation
settlement will be found to be very large compared to the elastic settlement. When calculating
the settlement of a foundation, the total settlement can be found by addition of all the above
types of settlement (Das & Sobhan, 2018).
And

St = Sc(p) + Sc(s) + Se
St: Total Amount of settlement
Sc(P): Amount of Primary Soil Consolidation
Sc(s): Amount of Secondary Soil Consolidation
Se: Amount of Elastic soil Settlement

𝐸𝑞. (2.2)

2.3.2: Settlement profile and contact settlement
`
As soon as a foundation is laid and the structure erected, the net weight of the structures
starts to induce contact pressure on the foundation beneath it. The magnitude and profile of the
settlement vary with the type of soil over which the structure is constructed. Since not all
foundations are perfectly flexible, the flexibility of the foundation also contributes to the
magnitude and profile of settlement. Below are two examples of contact pressure settlement
under ideal conditions of elastic soil, for example, Saturated Clay:
I.

Perfectly Flexible Foundation
8

Figure 2-7: Perfectly flexible type of foundation erected in elastic soil (Das & Sobhan, 2018).
Net contact pressure exerted on the ground is uniform across the whole surface area of
the foundation. As such, the profile of settlement will be sagging, as illustrated in Figure (2-7)
II.

Perfectly Rigid Foundation

Figure 2-8: Perfectly rigid foundation resting on elastic soil (Das & Sobhan, 2018)
According to Figure (2-8), the profile of settlement in the saturated clay will be uniform,
and redistribution of the contact pressure will be witnessed. However, pressure distribution
above with the shape of settlement only conforms with soils whose modulus of elasticity is close
to constant irrespective of the soil depth. There are some soils whose modulus of elasticity varies
with the increase in depth. Sand is a good example of such soil, whose modulus of elasticity
increases with an increase in depth. Below are two examples of foundations erected on top of
Sand:
I.

Perfectly Flexible Foundation

Figure 2-9: Perfectly flexible foundation erected on Sand (Das & Sobhan, 2018).
Since there is no confinement laterally at the foundation’s edges, Sand is pushed
outwards, making the settlement such a downward-facing concave.
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II.

Perfectly Rigid Foundation

Figure 2-10: Perfectly rigid foundation erected on Sand (Das & Sobhan, 2018).
2.3.3: Consolidation Settlement
It occurs when pore water pressure increases rapidly due to increased stress caused by the
structure on top of it. Drainage of the water causes a reduction in the soil volume, which results
in consolidation settlement occurring. In the case of a sand type of soil, drainage triggered by
the additional water pressure occurs rapidly, as such, both the soil’s consolidation and elastic
settlement occur simultaneously. However, in the case of a clay soil, the drainage of water takes
a longer time. As such, the elastic settlement occurs immediately, while consolidation settlement
occurs after a long while. However, the magnitude of consolidation settlement associated with
clay soil is several times greater than that of its elastic settlement.
The strain produced by a pressure acting on a saturated clay layer can be analyzed with
the help of Figure (2-11).

Figure 2-11: Foundation’s consolidation settlement (Das & Sobhan, 2018).
2.4: Soil Bearing Capacity
2.4.1: Introduction to Bearing Capacity
The purpose of a structure's foundation is to transfer the net load of a structure into the
soil beneath it. A good structure design should ensure that the ground under the foundation
should not be over-stressed. Over-stressed soil may lead to foundation failure because of shear
failure or failure associated with settlement. According to the type of soil on which a structure is
constructed, different types of foundations are used to meet the specified demands of the
structure.
10

2.4.2: Types of foundations depending on soil bearing capacity
Below are some of the foundations which can be used to cater to the soil bearing capacity:
I.

Mat Foundation

Figure 2-12: Mat Foundation (Moid, 2021)
This type of foundation is mainly used in soil that has a very low ground bearing capacity.
For stability of the foundation, such types of soil ideally require very large foundation sizes. To
cater to this requirement, it is best to construct the structure over an entire layer of concrete. This
is classified as a shallow foundation.
II.

Spread Footing

Figure 2-13: Spread Footing Foundation (Ramiz, 2020)
This type of foundation is used for soil with moderate bearing capacity. It involves enlarging
the lower part of the load-bearing beam or structure to spread the net pressure on a larger area.
This is classified as a shallow foundation.
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III.

Pile Foundation

Figure 2-14: Pile Foundation (Singh, 2020)
Piles are structures that consist of either timber, steel, or concrete used to transfer the load to
deeply seated soil layers. This type of foundation is mostly used when the supporting structure is
enormous and heavy; hence, a deeper foundation is required. The pile foundation can also be
used in places where the topmost layer of the soil is very weak, but the layer of soil beneath it
may have the desired soil bearing capacity. This is classified as a deep foundation.
IV.

Drilled Shaft Foundation

Figure 2-15 Drilled Shaft Foundation (Suryakanta, 2015)
Just like the pile foundation, drilled shaft foundation is used for supporting very heavy
structures. They conduct the structure’s net load to a deeply seated layer of soil that usually
contains a high soil bearing capacity. In comparison to the pile foundation, the diameter of the
shaft is larger. While being drilled, a metal casing is used to support the concrete placed in the
hole, and the container may be left on completion of the foundation. This is classified as a deep
foundation.
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2.4.3: Terzaghi's Bearing Capacity Equation
The equation is one of the most utilized equations in calculating foundation aspects.
Terzaghi came up with equations for the purpose of soil’s bearing capacity calculation (Han et
al., 2016). To differentiate between shallow and deep foundations, Terzaghi says that a
foundation is considered to be shallow when its ratio of vertical height to its width is either 1 or
less than one. For calculations, he also assumed that the total soil’s weight above the
foundation’s foot is equivalent to a uniform surcharge.
Passive pressure explained in the above equation is due to:
I.

Weight of the soil ᵞ

II.

Cohesion c'

III.

Surcharge q

The following equation can thus express the passive pressure (Das & Sobhan, 2018)
𝑃% =

1
𝛾 (𝑏 𝑡𝑎𝑛 ∅& )' 𝐾( + 𝑐’ (𝑏 𝑡𝑎𝑛 ∅& )𝐾) + 𝑞(𝑏 𝑡𝑎𝑛 ∅& )𝐾*
2

𝐸𝑞. (2.3)

Where the constants Kᵞ = coefficient of the weight of soil
Kc = coefficient of cohesion
K q = coefficient of surcharge
By combining the above equations, we obtain:
𝑞+ = 𝑐’ 𝑁) + 𝑞 𝑁* +

1
𝛾 𝐵 𝑁(
2

𝐸𝑞. (2.4)

The variables 𝑁) , 𝑁* , & 𝑁( , are cohesion contribution, surcharge contribution, and the soil's
weight contribution on its bearing capacity. (Das & Sobhan, 2018)
2.4.4: General Bearing Capacity Equation
Building on Terzaghi's works on the soil bearing capacity, several researchers have
delved into this sector to develop ways of overcoming the shortcomings of Terzaghi's equations
(Das & Sobhan, 2018). However, Terzaghi's assumption of shear bearing failure was shown to
be correct by later model tests and research.
The General Bearing Capacity equation is in the same structure as that of Terzaghi and can be
applied to calculate any soil bearing capacity. In case it needs to be modified for any general use,
the following modifications can be incorporated into the equation:
Depth factor: In the ground above the foot's base, the depth factor accounts for the developed
shearing resistance.
Shape factor: This helps in evaluation of soil bearing capacity of rectangular & circular
foundations.
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Inclination factor: This helps in evaluation of soil bearing capacity when the load is acting at an
angle towards the vertical axis.
2.5: Failure Mechanism of Foundations
2.5.1: Shallow Foundations
Shallow foundations are mostly associated with shear failure. The stress exerted by the net
weight of the structure acts on the soil beneath the shallow foundation, causing shear stress
development. Over a long time, the shear stress may develop in magnitude and reach a point
where it can create forces that will act on the structure, which cause a movement that causes
failure due to shear (Das & Sobhan, 2018). Basing on footing’s depth and soil behavior, failure
due to shear is classified into the following groups:
I.
General Shear Failure
II.
Local Shear Failure
III.
Punching Shear Failure
2.5.1.1: General Shear Failure
Due to a foot's slight vertical movement, completely plastic areas are developed. This
nature of the foundation makes it possible for sudden failure to occur with an increase of the
bottom surface’s elevation. This type of failure is often accompanied by failure patterns that are
well defined. The characteristics also include the soil adjacent to the foot starting to heave. In
some instances, the sudden collapse is accompanied by bending of the foot. Stiff cohesive soil
and sand are the most common soils that experience this type of shear failure. However, there is
no clear definition of the failure load associated with it. The failure can be illustrated in Figure
(2-16).

Figure 2-16: General Shear Failure and its settlement curve (Das & Sivakugan, 2019)
2.5.1.2: Local Shear Failure
The failure pattern has the presence of a surface slip accompanied by a wedge. However,
it is only defined under the foot. When bending of the foot is not expected, there is an elevation
of the soil surface. Before the felt zone is developed, a large deformation is witnessed; the
vertical settlement is very large (Jamal, 2017). There is no clear definition of the final load
associated with this failure. It is common in sand that is loose and moderately compacted soils.
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Figure 2-17: Local Shear Failure and its settlement curve (Das & Sivakugan, 2019)
2.5.1.3: Punching Shear Failure
This type of shear failure doesn't have a clearly defined pattern. Unlike the preceding
forms of shear failures, there is no foot tilting and no visible floor elevation. The floor of the
foundation moves downwards instantly without any sign of surface soil bulging.
This type of failure is mainly associated with vertically weak soils. They experience a large
amount of vertical settlement; soil’s foundation is positioned at a substantial vertical height. The
type of soil should also be highly compressible.

Figure 2-18: Punching Shear Failure and its settlement curve (Das & Sivakugan, 2019)
2.5.1.4: Comparison of General Shear Failure, Local Shear Failure, and Punching Shear Failure
The similarities and differences of the forms of shear failure can be compared as shown
in Table 2-1.
Table 2-1: Comparison of the forms of Shear Failure (Mishra, 2012)
Comparative
General
Local
Punching
Settlement

Low

High

High

Bulging of
foundation

Visible

Low

Absent

Foot Tilting

Present
Clearly Defined

No
Not clearly defined

No
Not clearly defined

Wedge present
Slip Surface seen
Bulging is present

Wedge present
Slip Surface seen
No Bulging

Not clearly defined

Highly compacted

Low
compressibility

High
Compressibility

Load
Pattern of failure
Soil
Characteristic
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2.5.2: Deep Foundations
Structural Failure
Structural failure occurs when the component of load bearing is no longer able to transfer the
net weight of the structure into the soil beneath it. The failure may be associated with the
following reasons:
I.
Poor design
Poor design may arise when the construction engineer fails to account for all the load
components of the structure, leading to an improper balancing of the contact pressure arising
from the structure. At times inaccurate data may be used to arrive at decisions that later cause the
failure of the structure.
II.
Erroneous construction
Incompetent supervision of the construction activities by the site engineer may lead to the use
of substandard practices by the casuals, which leads to the construction of a sub-standard
structure. Instances of use of poor-grade materials may also affect the integrity of the structure.
III.
Overloading
During construction, the anticipated loads are usually factored into the basic components of
the foundation. However, there might arise situations where the prevailing loads exceed the
anticipated load leading to foundation failure. Examples of such instances include earthquakes,
hurricanes, and tornadoes.
Types of Structural Failures:
a.) Compressive and Tensile Failure
This type of structural failure is caused by excessive longitudinal action of compressive force.
It can be detected by observation of the member, which is often characterized by stretching.
b.) Bending Failure
Bending failure involves the curving of the beams used to support the structure. The rate of
bending of the beam is dependent on the nature of the applied force.
c.) Shear Failure
This type of failure is primarily caused by the action of two forces oriented in the opposite
direction, and they cause the splitting of the structure.
d.) Buckling Failure
This type of failure is caused by deformation of a structural components due to the eccentric
loading of the structural member.
2.6: Settlement Soil Tests
2.6.1: One Dimensional Consolidation Test
Terzaghi developed this type of consolidation test. It is performed by the use of a
consolidometer whose schematic diagram is shown in Figure 2-20. The test is performed in a
laboratory.
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Figure 2-19: Representation of Consolidometer (Das & Sobhan, 2018)
The specimen of soil to be tested is positioned between the two layers of porous stone.
One layer is at the top, while another layer is at the bottom of the sample (Das & Sobhan, 2018).
In ideal conditions, the specimen should have a thickness of around 1in, and the diameter should
be approximately 2.5in.
The net load which triggers consolidation is applied with the help of a lever arm for
around 24 hours, and the resultant compression is measured using a micrometer dial gauge. At
all times during the test period, the soil is kept moisturized. After 24 hours elapses, the same
procedure is repeated, albeit, at this time, the load is doubled. The process is repeated several
times, with the load being doubled after each stage. Once the test has been finished, the weight of
the dry sample is measured. From the value recorded in the test, a graph of the specimen's
defamation against time is plotted as shown below:

Figure 2-20: Plot for soil deformation during consolidation settlement of soil sample (Das &
Sobhan, 2018)
From Figure 2-20:
Stage I

- Initial compression
This compression is instant and mostly triggered during the preloading period.
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Stage II - Primary Soil Consolidation
At this stage, the additional water pressure slowly gets converted into stress as the water
contained in the void spaces is being dissipated.
Stage III - Secondary Consolidation
This stage occurs once all the water that was held in the void spaces of the sample has
been expelled. It is during this stage that of the soil
sample deformation takes place.
2.6.2: The Oedometer Test
The simplest consolidation form that one can examine is one-dimensional since the soil's
lateral strain is ignored. The oedometer test is a very critical laboratory test conducted in the field
of geotechnical engineering.
Aim of the Oedometer Test
This test aims to deduce the amount of vertical change experienced by saturated soil
placed in a cylindrical container under the action of a radially constrained vertical load (Das &
Sobhan, 2018).
Testing Components
The requirements of this experiment include:
I.
Consolidation cell
II.
Loading frame
III.
A mechanism for the measurement of deformation (Das & Sobhan, 2018).

Figure 2-21: Odeometer test set up (Maleksaeedi et.al,2018)
Depending on soil sample type being used, the net load is kept in the system for 24 hours to
48 hours. During this time, the soil undergoes consolidation as the water is being drained through
the porous stones. Once stage one is completed, the load is doubled as the stages keep increasing.
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After each step, the readings are recorded for plotting on the time-settlement graph. Once the
maximum load is achieved, the process of unloading starts, and a factor of one's choice can be
applied. The option can be arrived at in consideration of the scale of the time settlement graph.
On completion of the procedures, the soil sample's moisture content and height are recorded (Das
& Sobhan, 2018).
Parameters Derived from the Oedometer Test
The data obtained from the oedometer test can be used in the derivation of the following
properties of soil:
I.

Pre-consolidation Pressure
This is the total stress that the soil has been able to sustain at the location from
which the sample was extracted.
II.

Compression Index Cc
This index helps to denote the compressibility of the soil. In the presence of
effective stress vs. void ratio curve, its slope is equivalent to the compression index of
the soil sample.
III.

Recompression Index Cr
This is used to describe the compressibility of a soil sample that has already been
over-consolidated.
IV.

Coefficient of consolidation Cv
This coefficient describes the pace at which the consolidation process changes
from one form to another during the odeometer test.

Figure 2-22: Sample compression curve obtained from oedometer test (Maleksaeedi et.al, 2018)
2.7: Bearing Capacity Soil Tests
2.7.1: Triaxial Shear Test
This type of test is one of the most famous and widely used procedures to measure the
soils' shear strength. The triaxial shear test helps research soil properties. Figure 2-23 is a
diagram of the layout of the triaxial test.
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Figure 2-23: Triaxial Test Diagram (Das & Sobhan, 2018)

Triaxial Test Soil Specimen Specification:
Diameter: 1.4in, Length: 3in.
The soil specimen is then placed inside a thin membrane made of rubber, and placed inside a
chamber full of glycerin or water. Through the application of pressure on the confining fluid, the
specimen is subjected to confining pressure. Axial stress must be applied to the specimen to
cause a shear failure (Das & Sobhan, 2018). Axial loading can be achieved in the following
ways:
A)
Deadweight application with its gradual increase until shear failure is achieved in the
specimen.
B)
Constant axial deformation application until shear failure is achieved (Das & Sobhan,
2018).
Below are the three types of triaxial tests that are widely used:
I.
Consolidated drained test
II.
Consolidated undrained test
III.
Unconsolidated undrained test
2.7.2: Consolidated Drained Test
In this test, chamber fluid compression subjects the saturated specimen to confining
pressure. The confining pressure is accompanied by an increase in the pore water pressure of the
soil sample. Upon opening the drainage connection, the pore water pressure is slowly released,
and consolidation takes place. Ideally, the volume of water dissipated should be equivalent to the
volume change that the soil specimen undergoes (Das & Sobhan, 2018).
The following graphs will be obtained if a plot is made of the deviator stress versus the strain.
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Figure 2-24: Loose Sand and Consolidated Sand Graphs, respectively (Das & Sobhan, 2018)
For calculation of the effective stress, the following equation can be used (Das & Sobhan, 2018):
Axial Strength = σ3 + (∆σ)f = σ1 = σ1

𝐸𝑞. (2.5)

2.7.3: Consolidated Undrained Test
Of the three types of triaxial tests, this is the most commonly used type of test. In this
test, drainage is triggered by the consolidation of the specimen using chamber fluid pressure.
Since water drainage is not permitted, the pore water pressure will keep increasing. Unlike the
principle used in consolidated, effective stress and total stress are not equivalent. They can be
described by figure 2-25.

Figure 2-25: Correlation of the total and effective stress (Das & Sobhan, 2018)
2.7.4: Unconsolidated Undrained Test
The distinct characteristic of this type of triaxial test is that during the chamber pressure
application period, the drainage of the soil specimen is not allowed. The deviator stress is
responsible for the shear failure of the soil specimen. The rate of performing this test is very fast
since it is not dependent on water drainage. The axial stress exerted on the specimen is always
the same regardless of the pressure in the confining chamber (Das & Sobhan, 2018). This is
illustrated in figure 2-26:
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Figure 2-26: Unconsolidated Triaxial Test (Das & Sobhan, 2018)
2.7.5: Vane Shear Test
It’s ideal for testing shear strength in soft and soils of medium cohesion. A vane which
consists of 4 plates stiffly fixed onto a torque rod is used.
Procedure:
I.
Push the vane into the soil
II.
Apply torque to the top of the torque rod and allow the vane to be rotated at a uniform
speed
III.
As the vane keeps spinning, a cylindrical structure of the specific height and diameter
will create resistance to the torque until the soil fails. The height and diameter
readings are then used to calculate the strength of the soil (Das & Sobhan, 2018).
The vane shear test can be conducted either in the laboratory or in the field. However, the
specifications of the soil sample will vary depending on the location at which the experiment is
being conducted.

Figure 2-27: Field vanes (Das & Sobhan, 2018)

22

2.7.6: Direct Shear Test
It’s one of the most frequently used laboratory test techniques for the shear strength
evaluation of the soil. This method is very old and is the simplest. The test apparatus is a metal
shear container to hold the soil specimen, and may be a circular or square shape. The magnitude
of the samples normally desired is around 0.16 ft x 0.16 ft / 0.33 ft x 0.33 ft across and about
0.08 ft tall. For effective measurement, the box is normally split into two halves in a horizontal
way. This laboratory test involves applying force from the top of the container or rather the shear
box. The usual stress on the samples can range from 152 psi.
To apply the shear force, one needs to move one of the half boxes in relation to other box to
source soil samples failure. The shear test may occur in two ways which are solely determined
by the equipment. The shear test, therefore, occurs in two different ways; strain-controlled or
stress controlled.

Figure 2-28: Direct shear test Diagram (Das & Sobhan, 2018)
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CHAPTER 3. CASE STUDIES
3.1: Case Study of the Lake View Tower Foundation Failure
3.1.1: Introduction
The Lake View Tower offers a classical example of the importance of due diligence
during the planning phase of a building’s construction. Failure by the stakeholders to do a new
site investigation for the 14-story building was the reason the building foundation did not meet
the requirements of the building (Peaker, 1984). Construction of the tower adopted and only
changed a few aspects from the results of a site investigation initially meant for a 4-story
building. The soil in which the foundation was constructed also did not meet the required
standards (Peaker, 1984). The reliability of the soil improvement technique used at the time was
also not standard since it had not been widely used in North America.

Figure 3-1 : Lake View Tower during its demolition (Peaker, 1984)

3.1.2: Geological Features
The Lake View tower was constructed in Sudbury, Ontario, around the North Bay area.
The area's geological features are known to be characterized by a lot of glacial sand and huge
deposits of clay. The area is also littered with rocks located on average five meters below the
soil's surface (Graymer, 2014). At the site of the tower, the clay deposits were classified as that
of the Wisconsinan age. The sand type at the location was grey and was found to be located
below the water plane. These types of soils are often associated with eskers and moraines, and
the layers of bed layers often consist of intertwining clay and silt deposits.
3.1.3: Soil Type
The soil located in the North Bay area is mainly clay and sand brought about by
deposition occurring over a long period. The glacial sand located in the area is believed to be
more than 10,000 years old and is associated with Wisconsinan glaciation, which shaped many
landforms in the area (Peaker, 1984). Vertical examination of the soil in the area shows alternate
bed layers of clay deposits and glacial sand. The sand is noncalcareous and mostly brown. The
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soil deposits run to a depth of between 14.10 feet and 20 feet, after which the gneiss rocks are
present all over the place (Peaker, 1984).
3.1.4: Foundation Type
The design phase of the Lake View tower is often blamed as the beginning point of the
problems associated with the failure of the building. The changes of the foundation type to be
used are not considered to be well informed. Initially, a four-story apartment was to be
constructed and the geotechnical engineer tasked with surveying the area proposed the use of
spread footings as the foundation (Peaker, 1984). However, proposals were brought forth to
change the building from a four-story building to a 14-story building, and the results of the initial
investigation were adopted for use in the new building's design (Peaker, 1984). It is at this point
that pile foundation was adopted for use in the building's construction.
3.1.5: Design Aspects of the Foundation
During the design phase of the building, the geotechnical consultant started surveying the
area over which the then proposed 4-story apartments building was to be constructed. According
to the report's findings, the 541 ft high and 82 ft wide structure was to be constructed using
spread footings without any basement (Peaker, 1984). For spread footings located at one and a
half meters below the soil surface, the maximum net pressure that would be allowed was 0.15
MPa (Peaker, 1984).
During the initial construction phase of the Lake View Tower, the building owner was
approached by a ground improvement company that promised that it would help increase the
soils' density through vibration. At that time, there was a lack of information around Ontario on
the effectiveness of this measure since there were very few instances in the country that the
procedure had been performed. However, due to the fact that the ground improvement had been
done several times in Europe, the owner of the building did not doubt it, and it was decided that
it would be adopted (Peaker, 1984).
Part of the promises made by the ground improvement contractor was that the amount of
differential settlement to be expected would be around 0.47 inch, and any other settlement
witnessed after that would be negligible. Vibro-flotation would be employed at a depth of around
five meters which was the measured vertical location of the bedrocks. According to the work
plan of the contractor, 240 compaction points were used, each bearing a load of 150 kps. Since,
at that time, no one was sure of what the contractor was doing, the stakeholders of the building
only had faith in the promise that density improvement of the soil by Vibro-flotation was
feasible.
3.1.6: Settlement Problem
During the construction phase of the building, periodic settlement measurements were
undertaken to keep a tab on the safety of the building. When the ongoing construction had
reached the 10th story, soil movement resulting in 0.22 ft settlement was documented (Peaker,
1984). The formation of hairline cracks also came to their attention which necessitated a new site
investigation to assess the actual state of the foundation.
Ideally, the presence of such signs was supposed to be a red flag, and the construction of
the building was supposed to stop. However, many factors can be attributed to the decision by
the stakeholders of the building to ignore the glaring mistakes. The proposed Lake View Tower
being a 14-story building, the ten stories achieved was considered almost three-quarters of the
intended construction. As such, it was agreed that the construction would continue until the
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maximum loading is achieved. The absence of significant cracks in the building is one of the
reasons they decided to overlook the reported hairline cracks. During the continued increase of
the net load, the geotechnical engineer also noticed a significant reduction in the amount of
settlement which further cemented their aim to ensure the construction was finished. All those
reasons, coupled with the economic pressure being faced by the owners, were the key reasons the
construction was not stopped.
Analysis of these records shows that the foundation of the building experienced a greater
amount of settlement than the top part of the building. This is attributed to the fact that
immediately after the construction of the lower parts of the building, the settlement began, and it
continued as the building's height kept increasing. The following diagram can illustrate the
difference in the settlement.

Figure 3-2: Settlement of Roof and Second Floor Comparison (Peaker, 1984)
Table 3-1: Settlement vs Clay Depth (Peaker, 1984)
POINT
1
2
3
4
5
6

MAXIMUM
SETTLEMENT
(inches)
16.22
16.57
4.44
1.18
7.08
8

SETTLEMENT
OF ROOF (inches)

Clay Depth (feet)

9.6
10.78
2.4
0.00
3.58
6

9.18
9.18
7.21
0.00
2.62
2.62

The occupation of the building started in 1974, and at this time, the measurement of
settlement was halted by the owner of the building. From the onset of construction, the owner,
architect, engineer, and geotechnical consultant cooperated and related very well to each other.
However, the building owner later filed a suit against all parties involved in the tower's
construction citing damages. At this point, a myriad of experts was summoned to assess the
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building, and in 1975, the building was pronounced not fit for human occupancy, and all the
tenants were ordered to vacate the building. Sadly, the building was demolished by the use of
explosives in 1982, exactly ten years after its proposal.
3.1.7: Findings
The main undoing of the Lake View Tower can be attributed to the inadequate site
investigation undertaken by the stakeholders. The requirements of a 14-story building greatly
differ from that of a four-story building. As such, it was advisable that the building owners
should have undertaken a new site investigation, which might have highlighted the soil bearing
capacity not being sufficient for the net load of the proposed tower.
There was no sufficient knowledge on the ground improvement undertaken by the
contractor. It was wrong for the stakeholders of the building to accept it use merely based on its
performance in European countries back then. This is because of the geological differences
between European and Canadian soils. The absence of clear records of ground improvements
measures employed by the contractor coupled with the resignation of the soil consultant shows
that perhaps shoddy work was undertaken. If the ground improvement was not up to the expected
standards, then it means that the foundation was weak, and it was a matter of time before it
would fail and lead to the collapse of the building.
The construction of a building involves a lot of different parties whose concerted efforts
culminate in one structure. The parties involve the owner, the soil consultant, the surveyor, the
engineer, and different contractors tasked with specific jobs. As such, it is important that each of
the parties cooperates with the others. The glaring difference witnessed by the ground
improvement consultant and the soil consultant during the Lake View Tower construction
highlights how cooperation is important. Perhaps if the two parties had worked in harmony, the
problem of a weak soil bearing capacity would have been avoided.
Construction in the real estate sector requires a great amount of diligence. The diligence
of the stakeholders of the Lake View Tower should be considered when a significant amount of
settlement was witnessed in the process of construction. If they had been diligent enough, they
sholud have stopped any further construction since the amount of settlement strongly indicated
the foundation would end up failing. Their lack of diligence also is shown by them avoiding
taking a second site investigation once the plan of the building was changed from having 4
stories to one that would have 14 stories.
From table 3-1 above, the significant change in the depth of clay from 9.18 ft to 2.62 ft
may have been the main contributor to the amount of settlement witnessed. However, the amount
of clay in the area ought to have been recognized during site investigation and its effects
considered in the plan of the building. This indicates that there might have been negligence
during site investigation, which, coupled with the other factors, ensures that the tower would not
survive.
3.1.8: Foundation Response for Lake View Tower
3.1.8.1: Foundation Behavior
Any foundation is not immune to environmental and human factors. In Canada, a
building code was put in place in 1970 that required any building to include an allowance to
cater to natural calamities such as earthquakes in their plans. However, the investigation carried
out by experts showed that the Lake View Tower plan had not factored in an allowance for
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earthquakes. This is one of the reasons the building was finally declared not safe, and its
demolition was ordered.
3.1.8.2: Differential Settlement
The differential settlement witnessed in this case study was mainly attributed to the
periodic movement of frost into and out of the soil. The presence of hairline cracks was a sign
that differential settlement had occurred. Since tower was a high-rise building, the uneven
settlement might have led to the building leaning to one side before failing.
3.1.8.3: Soil Bearing Capacity and Settlement
The different types of the soil always exhibit a different amount of strength and
settlement. In the layers of soil present at the site of Lake View Tower, the layers of clay
deposits must have had a low SPT 'N' value. This is evident in the change of its layer from 9.2 ft
to 2.62 ft. As such, the presence of soil with such a low bearing capacity will always increase the
settlement rate.
3.1.8.4: Foundation Failure Mechanism
Any construction engineer dreads foundation failure, and as such, caution is always taken
to prevent it from happening. Site investigation and periodic monitoring are key to achieve that.
Periodic monitoring during the construction of the Lake View Tower led to the realization of the
100mm differential settlement that would have exacerbated the rate of foundation failure.
3.1.8.5: Prevention of Soil Settlement Effects
To prevent the effects of settlement, it is always required that a thorough site
investigation is done before the construction of the building. The stakeholder in this case study
failed in ensuring that this was done, which eventually affected the integrity of the building.
3.1.9: Recommendation
Negligence being the main culprit in the eventual decision to demolish the Lake View
Tower, it is imperative that a policing council should be in place to ensure that the stakeholders
of any real estate construction do exactly what is required of them. The council should be able to
inspect the construction at every stage before allowing construction to continue. If one had been
in place, the owner of the building would not have been allowed to continue with construction
once a significant amount of settlement had been documented.
During the construction of a structure, only tested and proven methodologies should be
employed. For geotechnical interventions that are new to an area, sufficient testing and
observation should be undertaken to ascertain its viability. For instance, ground improvement
such as that done in the North Bay area needs to be tested in an area with similar geological
features before its use is allowed.
Stringent laws should be made to ensure that constructors of faulty structures are held
accountable for their actions. These laws will ensure that they become diligent in their
undertakings and follow all the guidelines for construction.
There is a need for the general public to be educated about structure safety and
foundation failure. At the moment, many people not involved in the geotechnical sector are
clueless about the various aspects of foundation failure. Since some structure stakeholders may
be negligent in monitoring the state of a structure, the tenants ought to be on the lookout and
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report signs of an impending structure failure. The signs they should watch for include cracks on
the walls, cracking of the windowpanes, and leakage of the water system, which might be caused
by foundation failure (Marshall, 1999).
3.1.10: Conclusion
Following due diligence during the design phase of a building is important since it
enhances the ability of the owners to meet building regulations and standards. Lake view’s
failure to adhere to regulations during site investigation and ground improvement is the main
cause of its foundation failure. The case study, however, fails to document all the aspects of the
building such as foundation failure and the design model used.
3.2: Case Study of the Family Life Center Building Settlement
3.2.1: Introduction
This study report involves the analysis done on the building that houses the Family Life
Center (FLC). The building is located in the United States of America, specifically at the North
Dakota State University, North Dakota County. Its construction started in 1973, and by 1975, it
was ready for human occupation (Kim et al., 2011). It is on a university campus, and the FLC is
inter-connected with two other buildings. The building has four floors, and its footprint occupies
an area of 62,430 ft2 and it has a foundation that mainly consists of spread footings (Kim et al.,
2011). Over its lifespan, the building experienced a significant consolidation settlement in the
clay soil beneath it. This caused structural movement and necessitated remediation using the
push pile method. The case study gives a clear explanation of the aspects of settlement and the
subsequent remediation process. As such, it is a good resource for learning about foundation
failures.

Figure 3-3: Site View and Plan View of Family Life Center FLC (Kim et al., 2011)

3.2.2: Foundation Problem
A significant change in the soil’s water content expedited the rate of settlement
associated with the building. Increased rate of clay consolidation settlement witnessed around
2006 negatively affected the integrity of the foundation (Kim et al., 2011). The foundation was
could no longer sufficiently accommodate the FLC building’s weight requirements; hence, the
need for the remediation works done on the building.
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3.2.3: Geological Features
In most parts of the North Dakota Region, the bedrock is completely covered by glacial
drift. The subsurface is characterized by very old rocks whose properties show that they may
belong to the Cambrian or Mississippian ages (Winters, 1963). The glacial deposits' rocks are
mostly Niobrara and Pierre Shale, while some parts are littered with Fox Hills Sandstone. The
glacial drift is deepest in the western parts of North Dakota, and bedrock valleys characterize the
areas. Analysis of the subsurface shows that the higher grounds associated with the western parts
of the county are attributed to the continued deposition of enormous amounts of glacial driftrelated substances rather than due to the underlying bedrock conditions. The average drift
thickness in the eastern parts of North Dakota is very small compared to that in the western parts.
However, in the eastern regions, which are often characterized by bedrock valleys, the glacial
drift may be more than 500 feet thick (Winters, 1963).
The pre-glacial rivers in the area are often argued to have drained northwards and not
towards the south as they do in the modern ages. Little research has been done on the drainage
conditions formed after the North Dakota region experienced its first glaciation and what
happened before the final extinction of the ice (Winters, 1963). However, the behavior of the
drift in the top layer of the ground shows that the initial drainage ways have been either diverted,
stopped or even buried due to the effect of subsequent glaciation. Presently the western parts of
the North Dakota region lack a well-established and integrated drainage system, and there are no
signs of main melt-water channels. These characteristics show that huge amounts of melt water
were not experienced during the final periods of ice stagnation. Due to their absence, most parts
of the North Dakota region are characterized by a youthful drainage system and lakes. There are
also many marshy regions in the county (Winters, 1963).
3.2.4: Soil Type
During the initial stages of FLC construction, a thorough investigation of the soil was
done to ascertain whether the soil bearing capacity met the standards required by the building.
SPT tests were conducted at various depths of the land up to around twenty-five feet below the
ground's surface. After that, various samples of soil were collected for analysis to ascertain the
chemical and physical properties. According to the soil investigation results, the soil beneath the
FLC was classified as fat clay characterized by high plasticity. However, the clay was contained
at deep depths and was mainly covered by alluvial soils. The top layer of soil was attributed to
Lake Agassiz, which occupied the land at some point in history. Tests showed that the clay's SPT
'N' value was 7, which shows that the strength of the soil was more than enough to cater to the
soil bearing requirements of the two-story building that would be named FLC (Kim et al., 2011).
Laboratory results showed that the fat clay had an undrained shear strength of 9 Psi. When dry,
its unit weight was classified as 86 lb/ft3, while when saturated, it was classified as 114.5 lb/ft3.
The moisture content of the soil was capped at one-third. Even though the level of groundwater
varied depending on seasons, the average level of water was found to be two meters below the
surface of the ground. Due to these soil properties, a shallow type of foundation was arrived at,
which comprised of strip footings and spread footings were arrived at.
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3.2.5: Foundation Type
The Family Life Center’s foundation consists mainly of a spread footing type of
foundation. The foundation is supported by isolated square footings and a continuous wall
foundation on the northwestern wing.

Figure 3-4: Spread Footing Type of Foundation (Das & Sobhan, 2018)
This type of foundation is used for soil with moderate bearing capacity. It involves
enlarging the lower part of the load-bearing beam or structure to spread the net pressure on a
larger area (Das & Sobhan, 2018). This is classified as a shallow foundation.
3.2.6: Design Aspects of The Foundation
Since the building is located in an area prone to frost action, the foundation of the
building is designed in such a way that it can be able to withstand long periods of cold ground.
The foundation of the building covers an area of 62,432 square feet. The building contains
different types of foundations due to the different requirements at various parts of the building.
The foundation comprises spread footings, isolated square footings and a continuous wall
foundation. Since the foundations must be located below the critical depth of frost action, the
building's foundation is located at an average of two meters below the ground level (Kim et al.,
2011).
3.2.7: The Problem of Settlement
During the early 1970s, the FLC building was in good condition, and regular checks
showed that there was nothing to worry about. However, during the very early years of the 21st
century, some parts of the building started experiencing distress and movements in the
northwestern part confirmed that the building might have experienced a significant amount of
settlement (Kim et al., 2011). To mitigate these small problems, temporary renovations were
undertaken in 2002, which included the installation of interior pilasters and constructing roof
support. Even with the presence of these measures, masonry unit cracking and other settlement
signs were still experienced.
In 2006, a thorough examination of the building's performance was undertaken to
ascertain the cause of the failure of the building (Kim et al., 2011). The findings showed that
settlement in the foundation caused the structural movement since it introduced gaps in the
foundation and caused cracks. The exterior walls of the FLC building were also pushed outwards
by forces created by the settlement (Kim et al., 2011).
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3.2.8: Remediation Work
Push Pile Method
The type of remediation employed to save the FLC building employed the use of the push
pile method (Kim et al., 2011). This method is often used for the remediation of large buildings
with a significant amount of contact pressure. The main pros of this method of foundation
remediation are its fast erection at the site, production of minimum noise pollution, and a
significantly lower cost of construction. In the past years, the success of this method has been
drawn from the mitigation of differential settlement in buildings and restoration of elevation.
The pile structures involve steel casing piers combined with brackets for loads transfers.
Hydraulic jacks are used to drive the steel casings into the ground. A jack attached to an
adjustable bracket is fixed on the ground to prop the bottom part of the initial foundation. To
connect with the building, the brackets are firmly fixed (Kim et al., 2011). To ensure that the soil
disturbance experienced due to the process is minimal, the hydraulic jacking is accompanied by a
very stable soil movement as the casings are being erected.
3.2.9: findings
The case study gives a clear understanding of the effects of settlement on the integrity of
a building. Over the years, settlement occurred in the clay beneath the FLC building, and its
effect is noticed when the building experiences structural movements (Kim et al., 2011). The
movements are pronounced more in the north-western wing and threaten to bring down the
whole building.
The remediation work done on the building helps to highlight the effectiveness of
foundation repair measures. Even though its success can only be measured after many years, the
fact that the building is still in good shape fifteen years later may be a reason enough to term it as
successful.
The importance of regular inspection of a building is highlighted in the story of the FLC
building. Since its construction in 1973, the building has always been under close monitoring
(Kim et al., 2011). This close supervision is why foundation failure was noticed early when
remediation was still possible. The regular measurement of the settlement aspects could unearth
the great extent to which it had occurred and diagnose it as the source of impending structural
failure.
3.2.10: Recommendation
There is a need for the success rates of the remediation works to be well documented. For
instance, in this case study, there is no sufficient information to ascertain whether the push pile
repair works undertaken successfully mitigated the structural deficiencies associated with the
FLC building. Documentation of such data will help stakeholders understand the efficiency of
the various remediation methods, their strengths and weaknesses.
Even though many factors may have contributed to the settlement witness at the FLC site,
one can't help but wonder whether the clay type of soil may have been the main suspect. The
bearing capacity of these types of soils is always questionable. It should be recommended that
soil improvement measures be undertaken on clay soils to strengthen them before the erection of
a structure.
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3.2.11: Conclusion
Environmental effects such as change in soil water content have a direct impact on the
integrity of a foundation. There is no mechanism that can be used to prevent such environmental
changes since they are hard to be predicted. The remedy to this problem is ensuring timely
remediation works are implemented as soon as foundation problems are noted. The case study,
however, fails to provide data on whether the remediation works had a positive impact on the
building’s foundation. I hope that we will be able to get statistics about how the Family Life
Center is faring in the future and whether the foundation problem recurred, or the solution was
permanent.
3.3: Case Study of Burlington Road Tunnel Settlement
3.3.1: Introduction
This case study sets to analyze the construction of the arch tunnel to facilitate the passing
of state route number 395 over the existing Burlington Road in Spokane, Washington. Before the
construction of the tunnel, settlement predictions were made using the Hough and Schmertmann
methods (Allen, 2018). Construction was then done, and on completion, measurement of the
actual settlement took place. A comparison of the actual settlement and the predicted settlement
was made. The case study gives an insight on the various aspects of settlement and the measures
that can be used to prevent soil settlement.

Figure 3-5: Aerial view of the Burlington Road Tunnel under construction (Allen, 2018)
3.3.2: Foundation Problem
Construction of any type of structure is associated with settlement which impacts on the
general integrity of the foundation. Case study of the Burlington Road Tunnel gives insight on
the rate of construction settlement and the importance of it being factored into construction plans
in order to prevent foundation failure.
3.3.3: Geological Profile
The geology of the Spokane area of Washington is often characterized by rocks formed
from lava flows and gravel resulting from glacial deposits. The sedimentary rocks due to glaciers
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present in the area are located at an average depth of five meters below the ground's surface,
showing that they belong to the Pleistocene ages (Johnson, 1998). Catastrophic flooding in the
ancient ages also deposited sand and silt in the area. Landslides that happened in the past brought
about unstratified layers of sand and silt. Basalt rocks characterize some areas with a width of
nearly ten meters. Most sedimentary rocks are covered by floods deposited mud and sand, and
their depth in some areas exceeds five meters. Within the recent past, there have been landslides
that have generally disintegrated the soil profile in the region. The dense sand present in the area
is generally fine in texture and has a medium to high soil bearing capacity. The size of the grain
and their uniformity make them a favorite for cement manufacturers. Ancient rock falls also
ensured that there were random rocks located within the region (Johnson, 1998).
3.3.4: Soil Type
The soil located in the Spokane area is mainly sand and silt brought about by deposition
due to glaciers and floods that occurred many years ago. The glacial sand situated in the area is
believed to be more than 5,000 years old. It is associated with Pleistocene era glaciation, which
mainly contributed to the soil types in the area through deposition of sand and silt (Allen, 2018).
Vertical analysis of the soil shows that it is around four to five meters deep and is littered with
small sedimentary rocks. There is also silt associated with ancient flooding of the adjacent river
and landslides.
3.3.5: Foundation Type
The type of foundation used in the construction of the tunnel was spread footing. This
type of foundation was suitable for the structure since the vertical height did not require much
support in the foundation. The shallow type of foundation was constructed across the length of
the structure.
3.3.6: Design Aspects of the Foundation
The construction of the arch tunnel was to facilitate the passing of state route number
395 over the existing Burlington Road located in Spokane, Washington. The nature of the
structure, coupled with the surrounding geological properties, resulted in the decision to use a
spread footing type of foundation. The arch had a clear span (i.e., interior width) of around 51 ft
at the bottom, and the spread footings foundation construction specifications of approximately
seven kips for every square foot (Allen, 2018). This design of the foundation was also made to
ensure that the structure was not affected by the fill outside the tunnel.
3.3.7: Settlement Prediction and Measurement
3.3.7.1: Prediction of Expected Settlement
Even though both Hough and Schmertmann settlement prediction methods are often used
interchangeably, the methods were originally developed for different uses. Hough method was
used to predict settlement of embankments of both cohesive and cohesion less soil while the
Schmertmann method was used to predict elastic settlement I sand and gravel. As shown by the
data presented in this case study, Schmertmann predictions were closer to the actual settlement
compared to the Hough method mainly because the type of soil in the area is sand.
Settlement predictions and measurements for this case history were conducted at eight
locations along the tunnel alignment (Allen, 2018). The settlement estimates and measurements
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near the ends of the tunnel were treated as outliers for this study due to the extreme changes in
infill/tunnel geometry that happen there.
To get a clear picture of the settlement taking place, six sites were located within the
length of the tunnel’s footing for study. For the design of the structure, settlements were
estimated using the Hough Method. The combined footing/fill applied stress ranged from 650 psf
near the ends of the tunnel to 9,000 psf near the mid-point of the tunnel length, where the fill
depth was most profound (Allen, 2018). The footing was essentially considered to be infinitely
long to determine the distribution of stress with depth below the footing/fill. The soil was
characterized as a clean uniform sand for much of the deposit, with layers of well graded silty
sand and gravel and well graded fine to medium sand. The sand was loose to medium dense in
the upper 35 to 40 ft of the deposit and was medium dense to dense below that (Allen, 2018).
Groundwater at this site was deep and was not a factor in the design.
Settlement at a given point along the tunnel was estimated using the depth of fill and
footing stress at that location to calculate the stress increase, as the depth of fill over the tunnel
was variable due to the fill side slopes and due to the extreme skew of the tunnel relative to the
fill centerline.
The Hough Method uses Equation (3.1) to calculate predicted settlement (Allen, 2018).
∆ Hi = Hc ( 1/ C’) log [ (σo + ∆ σv) / ( σo)]

𝐸𝑞. (3.1)

Where, ∆ Hi = Elastic settlement of layer i
Hc = Initial Height of layer i
C’ = Bearing Capacity Index
σo = Initial vertical effective stress at the midpoint of layer i
σv = Increase in vertical stress at the midpoint of layer i
For purposes of comparison, the settlement of this tunnel was also estimated by others
using the Schmertmann Method. This method uses equation 3.2 to calculate predicted settlement
(Allen, 2018).
Si = C1C2 ∆p Sum of ∆ Ji
Where, ∆ Ji = Hc [ Iz / 144XE]
C1 = 1- 0.5 (Po / ∆P)
C2 = 1+0.2log10 (t/0.1)

𝐸𝑞. (3.2)
𝐸𝑞. (3.3)
𝐸𝑞. (3.4)
𝐸𝑞. (3.5)

∆ Ji = elastic spring stiffness of layer i
Hc = height of compressible soil layer i
Iz = strain influence factor
Δp = net uniform applied stress
E = Elastic modulus of layer i
X = Factor used to determine the elastic modulus of layer i
C1 and C2 = Correction factors
t= Time for completion of construction
po = effective in-situ overburden stress
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3.3.7.2: Measurement of Actual Settlement
The settlement was monitored using a survey method, using targets established on the
stem wall inside the tunnel. The settlement monitored began with the placement of the marks on
the stem walls after it was constructed. Settlement of the ground due to the placement of the stem
wall structure was assumed to be less than 0.5 inches. Settlement monitoring targets were
established on both sides of the tunnel. Final settlement measurement results are provided in the
table below.
Once the structure and fill were completed, the settlement was also completed (no longterm settlement). For comparison to the predicted settlements along the length of the tunnel, the
measured settlements were the average of the two settlement monitoring points (i.e., east and
west stem walls) at each section of the tunnel, as shown in table 3-2 below.
Table 3-2: Comparison of Predicted and Actual Settlement (Allen, 2018)
Corresponding Measured
Site
Settlement
(Bore number) (Inches)
1
2
3
4
5
6

4.62
5.70
4.62
3.87
2.76
2.52

Hough
Predicted
Settlement
(In)
3.80
7.20
7.90
8.0
6.3
5.0

Schmertmann
Predicted
Settlement
(In)
1.3
3.5
5.0
5.3
3.0
2.3

Other methods that can be used to predict soil settlement include the Peck & Bazaraa method,
the Burland & Burbidge method and the D’Appolonia method. The choice of method depends on
the type of soil preset in the area.
3.3.8: Foundation response for Burlington Road Tunnel
3.3.8.1: Secondary Consolidation Settlement
Secondary consolidation settlement is associated with organic and saturated cohesive
soil. The additional form of compression results from constant forces that affect the plastic
adjustment of the soil, and hence secondary consolidation settlement occurs. These types of
settlements vary in quantity according to the soil type over which a structure is developed. For
instance, when the soil type is very compressible, the amount of consolidation settlement will be
found to be very large compared to the elastic settlement. When calculating the settlement of a
foundation, the total settlement can be found by addition of all the above types of settlement:
3.3.8.2: Site Investigation
This involves a routine maintenance investigation to detect the signs of profound
foundation failure displayed in the building through numerous examples such as cracks on walls
and cracking of the window glasses. The consultant then makes an appropriate assumption and,
after that, decisions on the steps that may be undertaken to prevent the foundation failure from
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affecting the structure. The investigation was done on the site before construction was done, and
this allowed for the prediction of the anticipated settlement. During the construction process, the
expected settlement was factored into the construction.
3.3.8.3: Prevention of Settlement
The best prevention of settlement effects is to ensure a thorough examination of the land
over which a structure is erected. This helps in providing the factors that may cause settlement,
such as the water levels that affected the tower of Pisa and noted at an early stage and avoided. In
places where the soil composition may not be well suited for the foundation requirements, the
soil can be improved until it attains the required standards needed. Hough and Schmertmann
settlement prediction methods were used to predict the amount of settlement, hence preventing it.
There are various prevention methods that could have been used by the stakeholders to
minimize the amount of soil settlement. They include soil compaction and ground improvement
which would have helped increase the soil density and reduce the amount of air spaces in the
soil. Such improvements of the soil enhance their bearing capacity which reduces the rate of
settlement.
3.3.8.4: Soil Strength
The different types of soil always exhibit a different amount of strength and settlement.
Analysis of the soil settlement associated with the tunnel gives an insight into the various soil
bearing capacities. It is also related to the amount of settlement to be expected from a structure.
3.3.9: Recommendation
There is not much information given by the constructors of the tunnel about how the
building behaved after construction. The data provided only gives a glimpse of the settlement
that happened during the construction phase of the building. It would be better if information
about post-construction settlement information would be provided for comparison purposes.
3.3.10: Conclusion
Hough and Schmertmann methods of settlement prediction accuracy level is sufficient to
develop the foundation behavior characteristic of any structure. The prediction of settlement is
vital in the scheduling of remediation works on the structure. Timely repair of foundation defects
plays a crucial role in the maintenance of a building. If more research can be made to improve
the accuracy levels of the prediction methods, building failures due to foundation settlement can
be minimized in the real estate sector. The case study fails to report on the progress of the
structure after the construction, and is not provided for comparison. Future case studies would be
more informative if they included post construction soil settlement information.

37

CHAPTER 4. DISCUSSION
The foundation is a critical factor that has a direct impact on the integrity of a structure.
Complications involving the failure of the foundations, if not corrected early, often lead to
structural failure of the building in the long run. The demolition of the Lake View Tower and the
need to renovate the Family Life Center building arose due to evidence that the foundations were
no longer capable of sufficiently catering for the buildings on top of them. Numerous factors
contribute to the failure of foundation, and they include:
I.
Insufficient ground preparation before the erection of the foundation.
II.
Action by natural geological forces.
III.
Soil behavior characteristics due to its bearing capacity.
IV.
Variation of the amount of water contained in the soil.
V.
Negligence during construction and even failure to follow post-construction building
maintenance guidelines.
VI.
Variation of the structure’s net weight exceeding the designated allowance levels of
the foundation.
There is a need for the implementation of measures that will help mitigate these contributing
factors. The design and maintenance measures need to adopt new ways of ensuring that the
foundations do not give in easily.
4.1: Choice of Case Studies
The variety of cases studies chosen in this report are meant to give insight on the various
aspects of a structure’s foundation. Each case study is unique, and its analysis explain the various
building regulations and standards. They are also classical examples of the consequences of
failure to follow construction regulations and standards. The reasons for choosing each of the
case studies are as discussed below:
I.
Case Study of the Lake View Tower
The case study gives insight on the importance of the planning phase for foundation
construction. Failure by the tower’s foundation is attributed to the fact failure to undertake
sufficient site investigation. The study also gives a glimpse on the importance of using proven
construction standards. Soil improvement done on the Lake View Tower site was not effective
since the proper research had not been one on its reliability in Ontario.
II.
Case Study of the Family Life Center
Foundation failure at the FLC building gives insight on the impact of environmental
factors on the integrity of a foundation. Changes in the amount of water content in the soil
beneath the building’s footing caused increased consolidation settlement which eventually
resulted in foundation failure. The lessons learnt from this case study are important in preventing
environmental factors from causing foundation failures.
III.
Case Study of the Burlington Road Tunnel
The case study gives insight on the rate of soils settlement that happens during the
construction phase of a building. Information about this settlement is important for a construction
engineer since it has a significant impact on the final settlement associated with a structure. As
such, it should be factored into the rate construction phase of a building. The ability of engineers
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to include settlement predictions is dependent on prediction methods such as the ones discussed
in the case study. Comparison of the Hough and Schmertmann predicted settlement and the
actual settlement by the case study helps in understanding the workability of these methods.

Table 4-1: Comparison of various aspects in the case studies
COMPARATIVE

LAKE VIEW TOWER
1972

FAMILY LIFE
CENTER
1973

BURLINGTON ROAD
TUNNEL
2005

Construction Year
Type of load
Design Methods

Weight of tower under
construction
Not reported

Net Weight of the
Building
Not reported

Depth of foundation

Not reported

5 feet

Tunnel Construction
Load
Hough Method
Schmertmman Method
4 feet 1 inch

Type of Foundation

Pile Foundation

Spread Footing
Foundation

Spread Footing
Foundation

Type of soil
Geological profile of
site

Glacial sand and clay
Wiscosinan-age rocks
deposited under layers of
clay and sand

Clay
Mississippian and
Cambrian age rocks.
Glacial deposited rocks
present.

Foundation Failure

Foundation Failure
Reported
Soil Settlement

Foundation Failure
Reported
Change in Moisture
Content of the Soil
Push piles method used

Sand and Glacial Silt
Rocks formed due to
lava flows and
sedimentary rocks
formed through glacial
deposits
Case study involves
settlement prediction
Case study involves
settlement prediction
Case study involves
settlement prediction

Cause of Foundation
Failure
Remediation Works
Was the Foundation
Failure Preventable?

No Remediation Works
occurred. Building was
demolished
Yes. Good site
investigation would have
shown the type of soil
was not sufficient for the
tower construction.

No. The foundation
Failure was due to
change of soil water
content over more than
thirty years.

Case study involves
settlement prediction

4.2: Robust Foundation Design to Prevent Failure
`
As shown by the three case studies in this report, the strength of the foundations
determines the ability of a structure to withstand causes of failure. To achieve this, the design
phase of the foundation needs to be a factor in the real-world aspects of the ground on which the
foundation is built. One of the requirements is to ensure that the type of foundation matches the
prevailing soil conditions. There are numerous types of foundations whose design varies
according to the soil bearing capacity, general geological properties, and structure type. Mat
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foundation is mainly used in soil that has a very low ground bearing capacity. For stability of the
foundation, such types of soil ideally require enormous foundation sizes; hence, the need for the
structure to be constructed over an entire layer of concrete. A spread footing type of foundation
is used for soil with moderate bearing capacity. It involves enlarging the lower part of the loadbearing beam or structure to distribute the net pressure on a larger area. The aspects of this
foundation were displayed in the case study of the FLC building. Lastly, there is a pile
foundation where structures that consist of either timber, steel, or concrete are used to transfer
the load to deeply seated soil layers. This type of foundation is used primarily when the
supporting structure is enormous and heavy; hence, a deeper foundation is required, such as that
used in the case study of Lake View Tower.
A structure's net pressure characteristics help to determine the type of foundation strength
that is required. The use of the pile foundation in Lake View Tower to counter the weak soil
bearing capacity in the area showed the importance of a good foundation design. The design
procedure of a foundation was also highlighted in the case studies. Even though the site
investigation for the Lake View Tower was partly marred by poor decision-making, it gave a
clear picture of what actions should be undertaken when choosing the best type of foundation. In
the case study of the FLC building, the aspects of a composite foundation are highlighted,
showing how combined effects of various types of foundation can be harnessed to satisfy the
requirements of a structure.
4.3: Geology and Soil Bearing Capacity Impact on Foundation Integrity
The primary purpose of a foundation is to transfer the net pressure of the structure's load
into the ground. As such, the strength of the soil in an area and the associated geological features
directly affect the ability of a structure to stand on its own. The ability of the foundation to hold
the structure for a long time is mainly dependent on these two features. In the layers of soil
present at the site of Lake View Tower, the layers of clay deposits must have had a low SPT 'N'
value. This is evident in the change of its layer from 9.2 ft to 2.62 ft (Peaker, 1984). As such, the
presence of soil with such a low bearing capacity will permanently fasten the settlement rate.
Aspects of measurement procedures such as the Tri-axial shear test, the consolidated drained
test, consolidated undrained test, and the unconsolidated undrained test help one to have a clear
picture of the bearing characteristics of the soil. The resultant calculations of the test are used to
estimate the maximum allowable net pressure that a foundation can withstand.
The design phase of any structure always involves the measurement of the soil bearing
capacity. There are numerous formulae of soil bearing capacity calculations used, such as
Terzaghi’s bearing capacity equation, and the general bearing capacity equation. As explained in
this study, the estimates resulting from the formulae determine whether the soil can withstand the
load pressure. The geology of an area affects the ability of a foundation to transfer the net load
into the ground. For instance, frost action in the FLC building is one of the main factors
contributing to its failure. Analysis of the geological features in all the three case studies
involved in this study shows that the earth's physical movements that happened so many years
affect the aspects of current foundations. Studies of the historical-geographical changes
witnessed in the past need to be factored into the design of any foundation.
4.4: Foundation Failure resulting from Settlement
The laws of nature dictate that the action of a force on an object results in some form of
displacement. The soil is no different; the net pressure of a structure's load will always cause
40

either vertical or horizontal displacement of the soil. Case studies such as that of the FLC show
that it is unavoidable, and it is best that building stakeholders factor it in their plans during the
design phase of the building. To prevent the effects of settlement, it is always required that a
thorough site investigation is done before the construction of the building. The stakeholder
involved in the construction of the Family Life Center failed in ensuring that this was done,
which eventually affected the integrity of the building.
Foundation failure due to settlement is caused by the development of differential pressure
at various parts of the structure's foot. The pressure may be caused by compression forces
generated by soil particles deformation, soil particles movement, air expulsion from void spaces
and underground water relocation. The studies in this report show that the forces are inevitable;
hence settlement of a building is always bound to occur. Regular inspection of the building for
signs of settlement, such as cracks on walls and windows cracking, is vital in detecting probable
foundation failure due to settlement.
The one-dimensional consolidation test and the Oedometer test play a vital role in the
measurement of foundation settlement. They involve studies over a while, and analysis of the
results helps evaluate the amount of vertical displacement a structure has undergone. The
Burlington Road Tunnel case study highlighted the use of the Hough and Schmertmann methods
to predict the expected settlement. The accuracy of these methods is vital in the design phase of a
foundation since it simulates the expected soil movements according to the soil bearing capacity.
As such, building's foundations must be built per these methods' predictions.
4.5: Structures' Safety in the Occurrence of Foundation Failure
The demolition of most of the structures around the world is attributed to the failure of
the foundations. Foundations are the direct support that ensures the structural integrity of a
building. The demolition of Lake View Tower was due to the realization that the soil bearing
capacity coupled with poor foundation design would harm the integrity of the building. In the
FLC building, the remediation work was necessitated by signs showing that the foundation
would fail.
There are different failure mechanisms associated with both shallow and deep
foundations. Shallow foundations are primarily associated with shear failure. The stress exerted
by the net weight of the structure acts on the soil beneath the shallow foundation, causing shear
stress development. Over a long time, the shear stress may develop in magnitude and reach a
point where it can create forces that will act on the structure to make a movement that causes
failure due to shear. General Shear, Punching Shear or Local Shear may occur depending on the
soil characteristics and the depth of the foundation. In deep foundations, structural failure occurs
when the load of the building is no longer able to transfer the net pressure into the deeply seated
foundation support. The structural failure may be bending, shear, compressive, tensile or
buckling.
Failure of the foundation always means that the safety of all the tenants and property is
no longer guaranteed. This could be attributed to many failure factors such as poor design,
erroneous construction and overloading. Construction engineers must consider these factors to
avoid complications that may arise due to the integrity of the foundations. However, some
natural occurrences may cause overloading leading to failure. These include hurricanes,
tornadoes, and earthquakes. These natural incidences are out of the control of human beings;
hence, only remediation works can be used to correct them. However, in places where the
occurrence of these phenomena is standard, appropriate measures can be taken by the
construction engineers during the design phase of the structure to mitigate their effects. The
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presence of regulatory authorities helps assess the safety of buildings and that appropriate
measures are taken to safeguard the security of the general public.
4.6: Detection of Foundation Failure
One of the most efficient ways to make timely decisions involving foundation failure is to
have a clear picture of what is going on beneath the building. This need can be satisfied by
regular investigation and monitoring of how the structure behaves. These measures help
buildings' stakeholders avoid possible calamities that may occur due to structural failure of the
buildings. This is highlighted in the Lake View Tower when the ongoing construction had
reached the 10th story. Soil movement resulting in 2.76 inch of settlement was documented, and
the formation of hairline cracks also came to their attention which necessitated a new site
investigation to assess the actual state of the foundation. The investigation results led to
courtroom battles with a final decision for the demolition of the entire structure. This saved the
lives and property of the tenants of the building.
4.7: Mitigation of Foundation Failure Effects
Investments done in real estate can at times be enormous, and the failure of a building
may be costly to all the stakeholders. Some of the causes of foundation failure are natural causes
whose prevention may not be feasible if they had been predicted. Measures such as remediation
work come in handy to restore the integrity of the structures before complete failure occurs. One
of the most common remediation works involves the use of push piles. This method is often used
for the remediation of large structures with a significant amount of contact pressure. The main
pros of this method of foundation remediation are its fast erection at the site, production of
minimum noise pollution, and a significantly lower cost of construction. In the past years, the
success of this method has been drawn from the mitigation of differential settlement in structures
and restoration of elevation. In this study, its application in the remediation of the FLC building
helps highlight how successful it is in shallow types of foundation. There are also several other
innovative ways to achieve foundation remediation, including concrete underpinning, jet
grouting, and erection of expanding geo-polymers.
For cases where settlement predictions have been made, such as the case study of
Burlington Road Tunnel, appropriate remediation work can be scheduled after some time to cater
to the expected deterioration of the structure. The success of remediation work can be measured
over time. Measurement of settlement and investigation of its signs are the most efficient ways of
monitoring the impact of any remediation work undertaken.
4.8: Guidelines for Maintenance of Safety in Buildings
The aspects of foundation failure explained in this study shows a need to ensure that clear
rules and regulations are followed by stakeholders in the construction sector. These guidelines
will help streamline efforts to ensure the construction of sound foundations that will guarantee
the safety of buildings. Some of the guidelines are as shown below:
Ø Structures must undergo regular inspections to evaluate any signs that may show
foundation problems. These inspections should take into consideration visible signs on
the structure and also the settlement pattern. The regular measurement of the settlement
aspects could unearth the great extent to which it had occurred and diagnose it as the
source of impending structural failure.
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Ø Extra care should be to ensure old structures that no longer meet safety expectations are
vacated. During the initial years of a structure, the foundations tend to display good
characteristics, and they sufficiently satisfy the requirements of the structure. However,
the foundation is always acted upon by environmental, geological or even human factors,
and its integrity will be tampered with time. These factors weaken the foundation, and
after some time, it may no longer be able to sufficiently cater to a structure's requirements
leading to failure.
Ø Construction in the real estate sector requires a tremendous amount of diligence. To
prevent the effects of environmental factors, it is always required that a thorough site
investigation is done before the construction of the structure. All the parties involved
should also be diligent enough to ensure that all the guidelines required when coming up
with a structure are followed. The success of any construction is mainly dependent on the
ability of its stakeholders to follow all the guidelines that appertain it.
Ø Regulatory bodies such as the construction authorities play a crucial role in ensuring that
construction guidelines are followed. Their work helps guarantee the safety of the general
public, which most of the time is clueless about the same factors affecting the safety of
structures.
Ø Before implementing any construction procedure, there is a need to ensure sufficient
testing of its effectiveness in the area. The variance of soil properties in different parts of
the world shows that even though some construction procedures are universal, most of
them require modification to meet the site's exact location standards. Construction
engineers are tasked with the mandate to match site requirements to the universal
procedures.
4.9: Case Studies Assessment
The case three case studies address different aspects of foundation failure which are quite
important to the stakeholders in the real estate sector. In my opinion, even though technically
failure of the Lake View Tower was attributed to soil settlement, I think the stakeholders of the
building are to blame for failing to foresee the problem. Negligence which led to their failure to
recognize that inefficient soil improvement would negatively affect the building’s integrity is the
root cause of the problem. Sometime greed by building owners lead to them overlooking some
guidelines such as in this case.
Based on this study, it is concluded that the foundation failure at the Family Life Center
building was unavoidable since it resulted from environmental action. Perhaps there was no way
the construction engineers in 1976 would anticipate the changes in the soil that would happen
thirty years later. The remedy for such loopholes in the geotechnical field is the consistent
monitoring and investigation of buildings.
After analysis of the Burlington Road Tunnel case study, I believe the Hough and
Schmertmann prediction methods are very critical in the construction sector. Their ability to
almost accurately predict anticipated settlement makes them good tools for ensuring that
anticipated soil settlements are factored into foundation construction plans.
The case studies of Lake View Tower and the Family Life Center involved buildings
constructed in 1972 and 1973 respectively. The Burlington road tunnel was constructed in 2005.
These case studies from the past were used because they contained sufficient information about
foundation failure mechanism. There are no peer reviewed recent case studies that have
sufficient information about foundation failures.
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4.10: Recommendations
Critical analysis of the foundation failure mechanism has shown a need to adopt new
measures that would help streamline efforts to prevent the failure of structures. Adoption of the
following recommendations can help:
I.
II.
III.
IV.
V.
VI.
VII.
VIII.
IX.

Only tested and proven construction methodologies should be used in the
construction sector.
Stringent public policies need to be formulated to punish offenders of construction
laws.
Proper sensitization of the general public about structure safety should be done to
help in the timely detection of probable foundation failure.
Regular inspection of the building by trusted audit firms can help eradicate
negligence among building owners.
There is a need to encourage innovation in the real estate sector to build more robust
foundations.
Building owners should schedule remediation works at appropriate periods after the
construction of the building.
Case studies involving remediation work should provide data to show what impact
the works had on the integrity of the foundation.
Case studies need to also provide technical information about the building design,
especially involving aspects of foundations, in order to enhance their use for
educational purposes.
Settlement associated with the construction phase and the post construction phase
need to be included in case studies for comparison purposes.
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CHAPTER 5. CONCLUSION
Work done in this project show that foundation failure is mainly attributed to errors
encountered during the construction phase which result in settlement beyond the allowable limit.
Even though some natural phenomena such as earthquakes may not be anticipated, prediction of
settlement using methods such as Hough and Schmertmann can help a builder make informed
foundation design decisions. It can therefore be concluded that foundation failure in buildings is
preventable through proper adherence to guidelines during construction. At the same time
regular monitoring and inspection of buildings help give early notice of failures associated with
unavoidable causes which can be addressed using appropriate remediation works.
Geological features of an area contribute to the failure of the foundation. The occurrence
of natural phenomena such as earthquakes and frost action weakened the strength of a
foundation. Site investigation helps in unearthing unfavorable geological behavior, which should
be used in designing a robust foundation. However, some natural phenomena such as changes in
the water content in the soil may be hard to predict; thus, making it hard to control its effect on
foundation integrity. Remediation work comes in handy when dealing with such cases. A good
example is the Family Life Center highlighted in this study. The role of building owners in such
cases will be to look out for foundation failure signs in order to initiate remediation works plans.
Prediction of anticipated behavioral outcomes plays a vital role during the design phase
in the construction sector. The whole process of building design is based on future expectations.
As such, it is imperative that prediction methods such as the Hough and Schmertmman
settlement prediction method are effectively exploited to guarantee a futuristic approach during
construction. Inclusion of these prediction methods can help in prevention of foundation failure
since it helps constructors to design buildings based on predicted settlement. The probability of
foundation failure occurring in such cases is thus greatly reduced.
There is a need to increase safety innovations in the real estate sector. The amount of
structures failures witnessed around the world is evidance that the construction measures
worldwide may have loopholes whose exploitation affects the general safety of the structures.
More research needs to be encouraged to find ways to solve the problem of foundation failure.
More remediation measures also need to be developed to ensure the safety of all structures.
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